In Brief
Wang et al. show that a subset of mouse iris sphincter muscle cells express the visual pigment, melanopsin, with its photoactivation leading to muscle contraction and pupillary constriction. Thus, mouse iris sphincter muscle cells are bona fide, albeit unconventional, photoreceptors.
SUMMARY
The mammalian pupillary light reflex (PLR) involves a bilateral brain circuit whereby afferent light signals in the optic nerve ultimately drive iris-sphincter-muscle contraction via excitatory cholinergic parasympathetic innervation [1, 2] . Additionally, the PLR in nocturnal and crepuscular sub-primate mammals has a ''local'' component in the isolated sphincter muscle [3] [4] [5] , as in amphibians, fish, and bird [6] [7] [8] [9] [10] . In mouse, this local PLR requires the pigment melanopsin [5] , originally found in intrinsically photosensitive retinal ganglion cells (ipRGCs) [11] [12] [13] [14] [15] [16] [17] [18] [19] . However, melanopsin's presence and effector pathway locally in the iris remain uncertain. The sphincter muscle itself may express melanopsin [5] , or its cholinergic parasympathetic innervation may be modulated by suggested intraocular axonal collaterals of ipRGCs traveling to the eye's ciliary body or even to the iris [20] [21] [22] . Here, we show that the muscarinic receptor antagonist, atropine, eliminated the effect of acetylcholine (ACh), but not of light, on isolated mouse sphincter muscle. Conversely, selective genetic deletion of melanopsin in smooth muscle mostly removed the light-induced, but not the AChtriggered, increase in isolated sphincter muscle's tension and largely suppressed the local PLR in vivo. Thus, sphincter muscle cells are bona fide, albeit unconventional, photoreceptors. We found melanopsin expression in a small subset of mouse iris sphincter muscle cells, with the light-induced contractile signal apparently spreading through gap junctions into neighboring muscle cells. Light and ACh share a common signaling pathway in sphincter muscle. In summary, our experiments have provided details of a photosignaling process in the eye occurring entirely outside the retina.
RESULTS

ACh-and Light-Induced Tension in Isolated Mouse Iris Sphincter Muscle
We mounted an isolated mouse sphincter muscle between a stationary anchor and a micronewton (mN)-strain gauge for isometrictension measurements, stretched optimally to give the largest light response under continuous perfusion at 36 C to 37 C [5] (STAR Methods). An acetylcholine (ACh) step elicited a robust tension increase in the wild-type (WT) mouse muscle with little adaptation over many seconds ( Figure 1A , left) [5] . The averaged data gave a dose-response relation with maximum tension of 305.0 ± 50.5 mN (mean ± SD; six muscles) and a half-saturating ACh concentration of 18.7 mM ( Figure 1A , right). A light flash also increased muscle tension [5] , typically with a fast peak followed by a slower second peak for a moderate-to-intense flash ( Figure 1B , left). The extrapolated maximal force at initial peak was 88.4 ± 11.1 mN (six muscles; Figure 1B , right), considerably smaller than the ACh response; this is true even for a light step ( Figure 1B, inset) . The averaged data gave a flash intensity-response relation with a half-saturating flash intensity of 1.8 3 10 9 photons mm À2 at 436 nm ( Figure 1B , right), $50-fold higher in equivalent 480 nm light than for mouse M1 intrinsically photosensitive retinal ganglion cells (ipRGCs) [23] . The response's second peak most likely reflected a tension rise coming from neighboring muscle cells due presumably to Ca 2+ spreading through gap junctions between iris sphincter muscle cells [24] [25] [26] . Indeed, the second peak was inhibited reversibly by the gap-junction blockers, 500 mM octanol or 200 mM carbenoxolone (CBX) ( Figure 1C ). Because these blockers also affect voltage-gated Ca channels [27] , the additional involvement of the latter in this spread cannot be ruled out. The large difference in maximal increase in tension between ACh and light stimulations appears to result from the low percentage of sphincter muscle cells expressing melanopsin compared to practically all cells expressing muscarinic receptors (see later). A photosensitive muscle cell may also have abundant muscarinic receptors versus a low melanopsin density.
In the steady presence of a low ACh concentration (100 mM), light elicited in the sphincter muscle an inexplicable rapid transient decrease in tension followed by an increase beyond the AChinduced baseline tension ( Figure S1A ). As background ACh concentration increased, so did the steady tension; concomitantly, the light-induced incremental tension progressively decreased ( Figure S1A ; 400 mM ACh) or literally disappeared ( Figure S1B 5, 10 , 50, 100, 400, and 800 mM). Traces are arbitrarily aligned at the onset of ACh (upward arrowhead). Downward arrowheads indicate the offset of bath-applied ACh. Right: averaged data measured at response peak (mean ± SD; n = 6) and fitted with Hill equation ( Three experiments on octanol and two experiments on CBX gave similar results. Recording traces in all panels are from single trials, with light monitor given below. The Hill equation fits in (A) and (B) are purely empirical, so we do not interpret n H further. See also Figure S1 .
Independence of Light-Induced Muscle Tension on Cholinergic Transmission
We next asked whether ipRGCs' collateral axonal processes-if indeed present in the iris/iris periphery [20-22]-underlie the sphincter muscle's local light response, possibly by presynaptically activating the parasympathetic cholinergic terminals innervating the muscle [20, 21] . We found no effect of 1 mM tetrodotoxin (TTX) (bath applied for 1 hr to block axonal spike activity) on the muscle's flash response (Figure 2A ). More importantly, we found also no effect on the light response after blocking muscarinic transmission from parasympathetic innervation to sphincter muscle with bath-applied 10 mM atropine, even though this manipulation eliminated the muscle's ACh response ( Figure 2B is not known to have glutamate receptors, we checked this out nonetheless but found no effect of bath-applied inhibitors for ionotropic and metabotropic glutamate receptors (STAR Methods) on the muscle's light response nor any increase in dark muscle tension produced by bath-applied glutamate (1 mM) with or without 100 mM cyclothiazide (inhibitor of AMPA receptor desensitization; Figure S2B ). 100 nM PACAP 6-38 (PACAP receptor antagonist) also did not reduce the light response, nor did 100 nM PACAP 1-27 and 1-38 (PACAP receptor agonists) increase dark muscle tension ( Figure S2C ). These results suggest that the photosensitivity of mouse iris sphincter muscle cells is also unlikely to come from direct ipRGC innervation of the muscle, even if ipRGC processes are present.
Smooth-Muscle-Specific Ablation of Melanopsin Drastically Reduces Sphincter Muscle Photosensitivity
To determine whether melanopsin indeed is present and also signals in the iris sphincter muscle, we took a functional approach by genetically ablating melanopsin selectively in smooth muscle (to which the iris sphincter muscle belongs).
We crossed a smooth-muscle-Cre line (smMHC-Cre) [34] to an Opn4 f/f line ( Figure S3A ; STAR Methods) to obtain smMHC-Cre;Opn4 f/f progenies. From qRT-PCR, the level of Opn4 mRNA in the iris sphincter of these mice was only 10% of WT versus a still-normal level in these animals' retina, thus confirming muscle specificity ( Figure 2C ; p < 0.01 versus p > 0.05; unpaired two-sample t test). Immunolabeling of melanopsin-expressing ipRGCs in the smMHC-Cre;Opn4 f/f retina also remained normal ( Figure S3B ). In this genotype, the transient peak of the muscle's flash-induced tension near the saturating flash intensity was drastically reduced (by about 85%) from WT, although the ACh response stayed essentially normal ( Figure 2D , top and bottom; p < 0.01 versus p > 0.05; unpaired two-sample t test). The small residual light response in smMHC-Cre;Opn4 f/f muscle possibly came from an incomplete removal of melanopsin by the Cre-Lox system. These observations support the functional presence of melanopsin in sphincter muscle normally. We also performed whole-animal pupillary light reflex (PLR) with this smooth-muscle-specific melanopsin-knockout line. Figure 2E left shows the overall in vivo PLR in both eyes of WT mice when step illuminated on one eye [5] . Only PLR behavior at intermediate light intensities is shown here (see [5] for the full intensity range). The WT peak fractional pupil constriction (in area) was stronger ipsilaterally than contralaterally [5] , with the difference shown in Figure 2F . This bilaterally asymmetrical overall PLR, most evident at <10 À9 -10 À7 mJ mm À2 s À1 (505 nm) [5] , arises from the melanopsin-mediated local PLR and from any intrinsic bilateral asymmetry in effectiveness of the brain's PLR circuitry [5] . 
Melanopsin Expression in Mouse Iris
Here, we sought to visualize melanopsin in the iris. qRT-PCR confirmed melanopsin transcripts in mouse iris ( Figure S3C ), as we found previously [5] . Despite a higher melanopsin immunoreactivity in the sphincter muscle region, we found no distinctly labeled muscle cells or axon-like structures in the whole-mount mouse iris, possibly due to a low melanopsin protein level as in M4-and M5-ipRGCs [12, 35] . As an alternative approach, we used X-gal labeling of the Opn4 tlacZ/+ iris [11] in an albino background (see STAR Methods) to facilitate detection. Despite strong labeling in the retina, we found no obvious signal in the iris ( Figure S4A ). Earlier, with Opn4-tdTomato bacterial artificial chromosome (BAC) transgenic mice, we did detect weak tdTomato fluorescence in the iridic sphincter region next to the pupil [5] . To enhance the melanopsin signal, we generated an Opn4-Cre BAC transgenic mouse (STAR Methods) and bred it to Rosa-tdTomato (Ai9) [36] or Rosa-Alkaline Phosphatase (R26iAP)
[37] reporter lines. The Opn4-Cre;Ai9 genotype correctly labeled retinal ipRGCs ( Figure 3A ), including some with no obvious melanopsin immunosignal (M4 and M5 subtypes) and vice versa [12, 35] . In each albino Opn4-Cre;R26iAP iris, we found $30 labeled muscle cells in several clusters around the pupil (Figure 3B ). These labeled cells represented only a small percentage ($10% or less) of all sphincter muscle cells (assuming similar (B) Top: 10 mM atropine completely blocked WT muscle's response to ACh (mean ± SD; n = 3). Bottom: atropine had no effect on flash response of muscle to ACh (mean ± SD; n = 3). Inset: sample flash response in the absence or presence of atropine; 7.95 3 10 9 photons mm À2 at 436 nm.
(C) Relative expression of Opn4 in the iris sphincter region and the retina isolated from smMHC-Cre;Opn4 f/f (mean ± SD; n = 3) and WT (mean ± SD; n = 3) mice, with the WT message level in sphincter region arbitrarily assigned as unity. **p < 0.01, when Opn4 mRNA of smMHC-Cre;Opn4 f/f iris sphincter or retina was compared to corresponding WT value by unpaired two-sample t test. n.s., p > 0.05. A 505 nm light step was used. See STAR Methods. *p < 0.05; **p < 0.01; ***p < 0.001, when overall PLR was compared between contralateral eye and ipsilateral value by using paired two-sample t test. n.s., p > 0.05. , and Plcb4 À/À mice to a light flash (8.52 3 10 9 photons mm À2 at 436 nm). Bottom middle: flash intensityresponse relations for WT (same as in Figure 1B ), Plcb1 À/À (one muscle, owing to limited animal availability; it showed a larger light response than WT, possibly due to an older animal age of 2 years), Plcb2 À/À (mean ± SD; four muscles), Plcb3 À/À (mean ± SD; three muscles), and Plcb4 À/À muscles (mean ± SD; two muscles). Bottom right: ACh dose-response relation of WT (same as in Figure 1A ), Plcb1 À/À (one muscle from 2-year-old animal), Plcb2 À/À (mean ± SD; three muscles), Plcb3 À/À (mean ± SD; three muscles), and Plcb4 À/À muscles (mean ± SD; four muscles).
(B) Left: sample flash responses of a WT (from P23 animal) and an Itpr1 À/À (from P23 animal) sphincter muscles. À/À showed no effect, whereas Plcb2
Plcb3
À/À , and Plcb4 À/À single-KOs all gave responses only moderately smaller than WT ( Figure 4A , bottom, right). The simplest interpretation is that the melanopsin-expressing muscle cells express a more restrictive set of PLC isoforms (PLCb2 and PLCb4) than do non-melanopsin-expressing muscle cells (PLCb2, PLCb3, and PLCb4), which are the majority, thus rendering a higher PLCb isoform redundancy in ACh signaling. Alternatively, melanopsin and ACh signalings may be segregated differentially at the subcellular level with respect to the PLCb isoforms. In short, melanopsin in the iris sphincter muscle signals primarily through Ga q/ Ga 11 , PLCb2/PLCb4, and IP 3 R1 to elicit a rise in Ca 2+ and muscle contraction. ACh signals largely similarly.
DISCUSSION
We conclude in this work that the local PLR originates predominantly, if not exclusively, from melanopsin in the sphincter muscle itself. The local PLR phenomenon may be general to nocturnal and crepuscular sub-primate mammals, although absent in diurnal sub-primates and nocturnal/diurnal primates [5] . We found no evidence for the suggestion by others of a melanopsin-mediated light signal going sequentially through intraocular ipRGC axonal collaterals, then parasympathetic presynaptic terminals, and eventually to the sphincter muscle via muscarinic synaptic transmission [20, 21] .
Our functional experiments have focused on the isolated sphincter muscle, partly prompted by others' reports [20, 21] and partly to avoid complexities associated with the intact eye [4, 21, 22] or the isolated anterior chamber [3, 4, 22 , 51] being the experimental preparation, in which the pupil size is controlled by the antagonistic sphincter and dilator muscles. The intact eye's enclosed geometry also makes pharmacological results difficult to interpret, owing to uncertainties regarding drug penetration and site specificity or completeness of drug action, presumably the reason why there are some inconsistencies across investigators [4, 21, 22] . The isolated sphincter muscle overcomes these challenges. We cannot completely exclude some yet-unknown modulation of the dilator muscle by ipRGCs that contribute to the local PLR as well. However, given the greatly diminished bilateral asymmetry in overall PLR under monocular illumination in smMHC-Cre;Opn4 f/f compared to WT mice (Figure 2F) , together with the genetic-labeling experiments ( Figures  3B and S4B ), any melanopsin signaling in the iris other than that being intrinsic to the sphincter muscle is likely to be minor. As for the co-existent melanopsin signaling and ACh signaling in the small subset of intrinsically photosensitive sphincter muscle cells, the two appear to converge at the G protein level (see Results). Presumably, this sharing in mechanism allows the brain-driven PLR and the local PLR to be concurrently modulatable. Furthermore, the existence of gap junctions between adjacent sphincter muscle cells allows the contraction from the sparse melanopsin-expressing cells to spread more evenly across the sphincter, hence more uniform constriction of the pupil.
Interestingly, there appears to be an evolutionary trend toward disappearance of the local PLR. In the primitive jawless fish Middle: flash intensity-response relations for WT (same as in Figure 1B ) and Itpr2 (cyclostomes), such as lamprey, there is supposedly no central PLR other than a local PLR involving an intrinsically photosensitive sphincter muscle [6] . In amphibians, the local PLR still dominates although neural innervation has come to exist [6, 7] . Among nocturnal and crepuscular sub-primate mammals [5] , such as mouse, the local PLR persists but already appears to be of secondary importance, with the duplicity of PLR (i.e., local and central) leaning more toward central control. In diurnal subprimates as well as nocturnal and diurnal primates, we found the local PLR to be absent [5] . Viewed in this context of evolutionary developmental biology, our confirmation of the local mouse iridic photosensitivity residing in the sphincter muscle itself therefore seems to be reasonable. In this context, it may also be relevant to note that the mammalian iris sphincter muscle (and dilator muscle) happens to be a rare case of ectoderm-rather than mesoderm-derived muscle [39] long thought to originate from the same stem cells as do photoreceptors [6] . The reason for the local PLR's disappearance in primates and diurnal sub-primates nonetheless remains rather unclear.
STAR+METHODS
Detailed methods are provided in the online version of this paper and include the following: 
CONTACT FOR REAGENT AND RESOURCE SHARING
Further information and requests for resources and reagents should be directed to the Lead Contact, King-Wai Yau (kwyau@jhmi.edu).
EXPERIMENTAL MODEL AND SUBJECT DETAILS Mice
All procedures involving mice were approved by the Johns Hopkins University School of Medicine Institutional Animal Care and Use Committee. Genetically-engineered mouse lines used in this study included Opn4 tlacZ/ tlacZ [11] , Chrm1
, Opn4-Cre (see below), Ai9, and R26iAP (The Jackson Laboratory). C57BL/6J (genetic background for many of the above lines; The Jackson Laboratory) was used as WT controls for most experiments. C57BL/6J-Tyr c-2J /J mice (The Jackson Laboratory), an albino strain, were used as WT controls for experiments involving
Chrm1
À/À ;Chrm3 À/À mice (which are in albino background). To obtain reproducible force measurement, we typically used animals with age of 3 months ± 5 days. For Plcb1
, only one 2-year-old animal ( Figure 4A bottom, middle) was used owing to the very limited homozygous animals available. Itpr1 À/À homozygous animals die before postnatal day 25-28, so we used P23 mice for experiments, with age-matched WT as control. For Figure 3 and Figure S4 , an albino background (see above) was used to help visualize fluorescent reporters in mouse iris. ) and were bred with wild-type C57BL/6J mice to establish transgenic lines. One of these lines showed specific expression of tdTomato in ipRGCs when crossed to Rosa-tdTomato line -85% of melanopsin-immunopositive cells were tdTomato-labeled and 91% of cells showing tdTomato fluorescence were immunopositive for melanopsin (altogether 2,342 cells from 3 animals analyzed). Some of the tdTomato-positive, OPN4-immunonegative cells may be M4 or M5 ipRGCs, which were reportedly not stained by melanopsin antibody (AB-N38, Advanced Targeting Systems) under regular conditions [12] . Electrophysiologically, every RGC labeled by Opn4-Credriven reporters and tested so far was intrinsically photosensitive (> 150 cells). In the sphincter muscle, some labeled muscle cells could be individually identified. For those in a small cluster, we made our best effort to estimate the approximate number of muscle cells therein, facilitated by the average length of solitary labeled cells (344 ± 58 mm, mean ± SD, n = 8).
METHOD DETAILS
Iris-sphincter-muscle force measurement An isolated iris sphincter muscle with anterior-and posterior-associated connective tissue was prepared as previously described [5] . Briefly, under infrared illumination, the anterior chamber of a mouse eye enucleated from an overnight-dark-adapted animal was first excised by a circumferential cut along the ciliary body. The dilator muscle was subsequently trimmed away with a razor blade. Next, the iris sphincter muscle was separated from the cornea, transferred into a recording chamber superfused with Ames medium (equilibrated with 95%O 2 /5%CO 2 ) at 36-37 C at a flow rate of 3 mL/min. Under infrared light, the muscle ring was mounted horizontally on an upright microscope between two stainless-steel hooks attached to micromanipulators. One hook was fixed and the other attached to a force sensor (see below). The muscle ring was slowly stretched to a length of 1.0-1.2 mm for 3-month old mice, found to give roughly maximum light-induced force.
Muscle force was measured with a fabricated device broadly as published [5] . The device contains a single-crystal silicon straingauge with m-Newton sensitivity (AE-801, Sensor One), with signals being amplified by a custom circuitry. The force sensor was coated with a suspension of carbon powder in silicone in order to protect it from light and moisture. The voltage output of the sensor was proportional to the applied force (187-mN/V, calibrated by hanging various pre-measured weights fabricated from a thin silver wire), with a non-linearity of < 0.1%. The signal was digitized by Digidata 1440A and acquired by pClamp 10.0. For light responses, the muscle contraction was induced by flashes (10-300 ms), with intensity and duration being proportionally interchangeable without affecting the response. We used a flash instead of a light-step for stimulation because the muscle did not readily recover from a light-step even of moderate intensity. Hg-light was used in conjunction with a 436 nm interference filter. Light was delivered through a 5 3 objective as a uniform spot of 5-mm diameter on the muscle, large enough to cover the entire preparation for mouse. White light was used for saturating the response owing to the limited monochromatic light intensity available. White flashes were converted to equivalent 436 nm or 480 nm flashes by response-matching in the linear range. The light response of the mouse iris recovered quite slowly, so we separated light-stimulation trials by R 10 min intervals.
ACh was bath-applied and controlled by solenoid valves. We did not examine brief ACh pulses because the muscle's relatively large size and thickness created difficulty in administering brief, temporally well-defined ACh pulses across the entire muscle. After a period of baseline recording, the Ames medium was switched to ACh at different concentrations in Ames. Once the steady response was reached, the ACh was immediately switched off and control Ames switched on to wash out the ACh. Pharmacological reagents were likewise bath-applied.
In situ pupillometry All animals were kept in 12 hr/12 hr light/dark cycle before experiments. The experiments were performed between 2 hr after lights-on and 2 hr before lights-off with > 1 hr dark adaptation. To simultaneously monitor the PLR in both eyes, we hand held the animals and used a pupillometer with LED light (505 nm) for stimulation via a Ganzfeld sphere as previously described [5] . The fractional constriction of the pupil at peak in Figure 2E is defined as (A dark -A light )/A dark , where A dark and A light are the pupil areas in darkness and in steady light, respectively. The PLR is relatively slow; we took measurement when it reached a peak value, hence the word ''peak'' in Figure 2E .
Solutions
For iris-sphincter-muscle force measurements, the bath solution was bicarbonate-buffered Ames medium (Sigma). Cholinergic synaptic transmission was blocked by 10-mM atropine (Sigma). Glutamatergic synaptic transmission was blocked by 20-mM DNQX for AMPA and kainite receptors, 50-mM DL-2-amino-5-phosphonopentanoic acid for NMDA receptors, and 250-mM DL-2-amino-4-phosphonobutyric acid for metabotropic glutamate receptors (all Sigma). We applied 1-mM tetrodotoxin (Alomone Labs) to muscles to block action potentials in any residual ipRGC axonal terminals (if they exist as reported). To test whether any contraction could be elicited by glutamatergic and PACAP agonists, we used 1-mM L-glutamic acid (Sigma), 100 nM PACAP 1-27 and 1-38 (Tocris, UK). To reduce the desensitization effect of metabotropic glutamatergic receptors, 100-mM cyclothiazide (Tocris) was applied together with glutamate. PACAP 6-38 (100 nM, Tocris) was used as an antagonist for PACAP receptors. Two broad-spectrum gap junctional blockers, octanol (500-mM) and carbenoxolone (200-mM) (both Sigma) were used for testing the role of gap junctions in the light-induced contraction of the isolated iris sphincter muscle.
Immunohistochemistry and other procedures
Mice were anesthetized by intraperitoneal injection of ketamine (100-mg/kg body weight) and xylazine (5-mg/kg body weight), and were perfused with phosphate buffered saline (PBS) followed by 4% paraformaldehyde (PFA) in PBS. For immunohistochemistry on flat-mount retinas or whole-mount irises, the eyes were enucleated from the perfused animals, with irises and retinas isolated and fixed for 30 min at room temperature in 4% PFA. After initial washes with PBS containing 0.5% Triton X-100 (i.e., PBST), tissues were blocked with 1% tyramide blocking solution (Life Technologies) in PBST overnight at 4 C. The tissues were then incubated with primary antibody in the same blocking solution for 1-3 days at 4 C. The primary antibodies used in this study included a polyclonal antibody against mouse melanopsin (AB-N38, which recognizes the first 15 amino acids at the N terminus in both OPN4L and OPN4S, Advanced Targeting Systems, 1:2500 dilution), a polyclonal antibody against a-smooth muscle actin (ab21027, AbCam, 1:150 dilution), a polyclonal antibody against M3 muscarinic receptor (AS3741S, Research and Diagnostics Antibodies, 1:250 dilution), a polyclonal antibody against PAX6 (PRB-278P, Covance, 1:500 dilution). After washing, the tissues were exposed to secondary antibodies at 1:500 dilution for 3 hr at room temperature. Tissues were mounted with anti-fade reagent containing 4', 6'-diamidino-2-phenylindole (DAPI) and coverslipped. Images were captured on a Zeiss LSM 510 confocal microscope.
For X-gal staining, freshly-dissected mouse iris and retina were fixed in 0.2% glutaraldehyde in 0.1-M phosphate buffer containing 2-mM MgCl 2 and 5-mM EGTA for 15 min. The tissues were then washed in 0.1-M phosphate buffer containing 2-mM MgCl 2 , 0.01% sodium deoxycholate and 0.02% Nonidet P-40 for three times. Staining was carried out at 37 C (overnight) in a solution of the above buffer containing X-gal at a final concentration of 1-mg/ml, 5-mM K 3 Fe(CN) 6 , and 5-mM K 4 Fe(CN) 6 .
For alkaline phosphatase staining, freshly-dissected tissue was fixed in 0.2% glutaraldehyde in 0.1-M Tris-HCl. The endogenous alkaline phosphatase activity was heat-inactivated at 65 C for 30 min. Staining was carried by using Vector Blue Substrate kit (Vector labs) following manufacturer's instructions.
Quantitative RT-PCR Total RNA was extracted from mouse tissues using the TRIzol Reagent (Invitrogen) according to the manufacturer's instructions. First-strand cDNA was synthesized from 2-mg DNase-treated total RNA using an oligo-dT primers and SuperScript III reverse transcriptase (Invitrogen). Quantitative-PCR amplification and analysis were carried out with SYBR Green PCR Master Mix (Applied Biosystems) in an Applied Biosystems 7500 Real-Time PCR System by using the following primer sets: Opn4S 0 ) and Opn4E-3R (5 0 -GTA GAG GCT GCT GGC AAA GA À3 0 ). The specificity of the SYBR green PCR signal was further confirmed by melting-curve analysis and agarose gel electrophoresis. To estimate the relative abundance of the mouse Opn4 short and long isoforms, Opn4S and Opn4L, standard DNA templates were generated by ligating the respective amplicon into the pGEM-T Easy Vector (Promega). Standard curves were generated by plotting the threshold cycle (C T ) against the log copy number of the standard DNA templates. The absolute copy number for Opn4S or Opn4L in each sample was calculated based on the standard curves, which were further divided by the absolute copy number of b-actin in the same sample. In Figure 2C , the abundance of total Opn4 in iris sphincter or retina from WT, smMHC-Cre;Opn4 f/f and Opn4 KOF/KOF mice was normalized to that in the WT iris sphincter. In Fig- ure S3C, the abundance of individual isoforms of Opn4 in iris or retina was normalized to that of Opn4L in the retina.
QUANTIFICATION AND STATISTICAL ANALYSIS
The definition of statistical parameters and the exact values of n (number of muscles or animals, depending on the types of experiments) were reported in the corresponding figure legends. Most data were presented as mean ± SD. Statistical analyses (paired or unpaired two sample t test) were performed using Excel.
